Crystal Structure of the Worm NitFhit Rosetta Stone Protein
Reveals a Nit Tetramer Binding Two Fhit Dimers
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Loss of the FHIT gene leads to defects in cell death
and is a frequent, early event in cancer [1]. The addi-
tional players in the Fhit cell death pathway are largely
unknown. Department of Energy-sponsored research
at the University of California at Los Angeles made the
observation that proteins that are found physically fused
in one form of life but separated in other forms of life
function in the same biological pathway[2]. The value
of the fusion event to predict a common pathway is
strongest when the separate proteins have similar gene
expression patterns and have a similar pattern of be-
ing present or absent in other genomes[3]. When these
criteria are met, the fusion event between the two
polypeptides is said to be a “Rosetta Stone” that de-
codes a previously hidden functional link between two
proteins unrelated by sequence.

Nit and Fhit are fused in the common laboratory
invertebrates D. melanogaster and C. elegans but are
encoded as separate polypeptides in mammals, fish
and fungi[4,5]. In the mouse, Nit1 and Fhit have similar
gene expression patterns in seven of eight tissues ex-
amined[4]. No form of life has been found that has a
Fhit homolog that lacks a Nit homolog[5]. Thus, NitFhit
fulfills the criteria for probable functional significance
of a “Rosetta Stone” protein[2,3]. Further, because the
worm C. elegans is a leading system in which to study
cell death, we were eager to explore the structure and
function of NitFhit.

Previous biochemical and crystallographic charac-
terization of Fhit showed that it is dimeric with a dimer
molecular weight of 35 kDa[6-8]. Because the NitFhit
monomer has a predicted size of 50kDa[4], it was ex-
pected that the NitFhit molecule would weigh 100 kDa.
However, analytical ultracentrifugation showed that
NitFhit weighed 200 kDa, consistent with the idea that
NitFhit is a tetramer[5]. Indeed, the NitFhit crystal form
was in space group 1222, which consists of a tetramer
with 222 point symmetry located at the vertexes and
the center of each unit cell. Sixty-five percent of this
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structure was expected to be novel Nit protein, 35%
was expected to be Fhit. Further, the structure needed
to explain how Nit and Fhit fit together and how NitFhit
is a tetramer while Fhit is a dimer.

Selenomethionine-modified NitFhit protein was
crystallized and data were collected at four wavelengths,
but the data did not yield interpretable phases. Frozen
crystals were thawed into compounds that produce
ethylmercurial adducts on reactive cysteines. The re-
sulting crystals diffracted more strongly and to much
higher resolution than native crystals and also exhib-
ited a change in space group from 1222 to P21212.
Diffraction data were collected at beamline X8C at the
NSLS at the wavelength of the derivatized crystal’s
absorption edge and at one remote wavelength. These
data were sufficient to phase the molecule by solvent
flattened two-wavelength anomalous diffraction[5].

Figure 1 shows the crystal structure of the NitFhit
tetramer[5]. The left panel is a cartoon representation
of the tetramer while the right panel shows a ribbon
diagram. NitFhit is a tetramer because Nit is a tetramer.
The N-terminal Nit domain assembles into a compact
tetramer containing five helices, numbered NH1 through
NH5, and twelve B strands, numbered NS1 through
NS12. The compact portion of the Nit domain is termed
an o-B-B-o sandwich structure and Nit is the first ex-
ample of this particular o-p-p-o sandwich protein fold.
C-terminal to NS12, there is a final strand specified by
the Nit-homologous peptide sequence, which is fol-
lowed by the familiar seven strand plus two-helix fold
of Fhit. The four protomers of the tetramer are color-
coded green, blue, red and yellow and the Nit-homolo-
gous segments are in bold colors while the Fhit-ho-
mologous segments are in pastel. It is of interest that
the C-terminal Nit strand is devoted to interacting with
Fhit domains such that the NitFhit tetramer consists of
a Nit tetramer binding two Fhit dimers.

NitFhit, the first Rosetta Stone protein with a solved
three-dimensional structure, reveals how Nit is con-
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served to interact with Fhit, implicating Nit in the Fhit
death pathway. In addition, Nit contains an apparent
enzyme active site that may prove to be a drug target
for elimination of Fhit- tumors.

Work was supported by a grant from the National
Cancer Institute (POLCA77738) to Kay Huebner, Carlo
M. Croce and Charles Brenner.
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Association Kinetics of the Integration Host Factor-DNA
Complex by X-ray Hydroxyl Radical Footprinting
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Integration Host Factor is a sequence specific DNA
binding protein that bends DNA by a considerable angle
(2). It recognizes several sites in the Escherichia coli
and lambda phage genomes (2) and plays an essen-
tial role in several biological processes, including site-
specific recombination of the lambda phage, transcrip-
tion, and DNA replication (3, 4, 5, 6). The crystal struc-
ture of IHF bound to one of its sites from the lambda
phage genome shows that the DNA is wrapped around
the protein in a U shaped turn (7).

IHF's ability to bend lambda phage DNA makes it
an important architectural protein in the formation of a
nucleoprotein complex that precedes the integration of
the phage into the bacterial genome (8). Since IHF bind-
ing is an essential step in site-specific recombination,
the kinetics of IHF-DNA complex formation affect the
overall rate of the recombination process. In our work
we have determined the site-specific association kinet-
ics of IHF binding to one of its sites from the lambda
phage genome, the H’ site.

Time-resolved hydroxyl radical footprinting con-
ducted at beamline X28C at the NSLS gives the ad-
vantage of millisecond time scales with single base pair
resolution. Experimental details of this technique ap-
plied to the kinetics of RNA folding can be found in pre-
vious publications (9, 10, 11, 12). X-ray radiolysis of
water generates hydroxyl radicals that can be used to
cleave DNA. Protein binding to DNA yields protection
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against hydroxyl radical attack along nucleic acid sur-
faces that becomes excluded from solvent. Develop-
ing protection on the nucleic acid can then be mea-
sured as a function of time in order to obtain kinetic
rates of association for a protein with DNA.

Figure 1a shows the increasing protections against
hydroxyl radical attack of specific DNA sequences in
IHF binding site as a function of time. For this experi-
ment, 3P radiolabeled DNA was mixed with IHF and
incubated for a variable amount of time in each experi-
ment before the solution was exposed to the X-ray
beam. Each lane (or vertical row) of the gel shown in
Figure 1a resolves into separate bands, DNA lengths
generated after hydroxyl radical attack. Protection ap-
pears simultaneously at the DNA binding sites labeled
A, B, and C. Figure 1b shows the superimposed ki-
netic curves fit to a bi-exponential equation for each of
the three binding sites. All three DNA binding sites dis-
play similar binding kinetics, indicating that they are
contacted concertedly in the last step of IHF-DNA com-
plex formation. The best fit of the data to a bi-exponen-
tial equation is characterized by an initial burst phase
in binding that displays rates faster than the speed of
conventional diffusion (around 10° M sec?) followed
by a slower step in binding corresponding to a bimo-
lecular association rate around 108 M sec™.

Figure 2 shows the IHF-DNA structure and indi-
cates where each DNA binding site is found along the
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DNA helix. The construct used in our studies extends
beyond the DNA depicted in Figure 2 and we propose
that, IHF can find its binding site by sliding along the 1
DNA in a one-dimensional diffusion search. The initial, '
fast step in complex formation is sensitive to salt con-
centration, characteristic of facilitated diffusion of pro-
teins along the helix observed for other DNA binding 12,
proteins (13, 14). The last, slower phase is the final
step in complex formation in which the sequence spe-
cific DNA contacts are formed.
Since IHF-DNA complex formation is a relatively
fast process approaching the speed of diffusion, the 13.
fast time scales that can be sampled by our experi-
mental setup at the X28C beamline, dedicated to time
resolved footprinting, are essential for our kinetic stud-
ies. Additionally, the single base pair resolution pro- 14,
vides a direct way to resolve the kinetics of protein-
DNA contacts at separate sequences.
NSLS Activity Report 2000 2-16
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Structure of Mammalian Poly(A) Polymerase in Complex

with an ATP Analog
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Following synthesis by RNA polymerase I, eukary-
otic mRNA precursors undergo a series of modifica-
tions, including capping at the 5’-end, splicing, and
addition of a poly(A) tail at their 3’-end. Polyadenylation
has been shown to affect virtually all aspects of mMRNA
metabolism, including translation initiation, mMRNA sta-
bilization and transport. In mammals, the synthesis of
the poly(A) tail is catalyzed by poly(A) polymerase (PAP)
with the help of the cleavage and polyadenylation speci-
ficity factor (CPSF) and poly(A) binding protein I
(PABP2). As a first step towards getting a high resolu-
tion structure of the mammalian polyadenylation ma-
chinery, we have established a collaboration with Walter
Keller at the Biozentrum (Basel, Switzerland) to under-
take a crystallographic study of poly(A) polymerase in
complex with its substrates.

Several constructs of poly(A) polymerases were
tested during crystallization trials, including full-length
bovine and Caenorhabditis elegans PAPs and deletion
mutants of the bovine enzyme. We readily obtained
crystals of a C-terminal deletion mutant of the bovine
PAP. The C-terminal deletion has a modest effect on
activity and, most importantly, this deletion mutant still
binds to PABP2, and is stimulated by CPSF [1]. In com-
plex with 3'-dATP and MnCl,, the recombinant
selenomethionyl PAP yielded crystals suitable for struc-
ture determination by multiwavelength anomalous dif-
fraction (MAD). The MAD data were collected at
beamline X12C at the National Synchrotron Light
Source using the Brandeis B1 CCD detector. The crys-
tal structure was determined at 2.5 A by a combination
of MAD and multiple isomorphous replacement, fol-
lowed by density modification.

Poly(A) polymerases specifically incorporate ATP
at the 3’-end of MRNA in a template-independent man-
ner. These RNA polymerases belong to a large super-
family of nucleotidyl transferases containing two sig-
nature features: a conserved catalytic domain with three
invariant carboxylates that are crucial for activity, and
a helical turn motif involved in nucleotide binding [1].
This family also comprises mammalian DNA poly-
merase beta (pol B) [2] and kanamycin nucleotidyl trans-
ferase [3]. Pol B is a template dependent DNA poly-
merase involved in the base excision repair pathway.
Until now, a structure of a template-independent poly-
merase such as poly(A) polymerase was lacking.

2-17

The PAP structure revealed expected and unex-
pected similarities to other proteins [4]. Alarge number
of DNA and RNA polymerases share a common archi-
tecture, which has been described as a half opened
right hand, composed of fingers, palm, and thumb
subdomain [5]. Unlike all polymerases solved to date,
PAP is a template-independent RNA polymerase, and
its structure is a departure from the common poly-
merase fold. Interestingly, the PAP polymerase active
site is located on one side of the U, and not at the
confluence between the fingers and thumb (Figure 1).
The hand metaphor, therefore, does not hold for PAP.
For this reason, we refer to the three separate domains,
from the N- to C-terminus, as the catalytic, central, and
RNA binding domains.

Despite the fact that PAP does not use a nucleic
acid template, incorporation of nucleotides in the grow-
ing poly(A) tail is highly specific for ATP. This poses an
interesting problem: how does this template-indepen-
dent RNA polymerase select for ATP? In template-de-
pendent DNA polymerases, the shape of the active site
dictates which nucleotide will be incorporated. Both the
polymerase and template act in concert to assemble
an active site that will select for Watson-Crick base pairs
[2], [6]- In the case of PAP, the nucleotide selection pro-
ceeds in the absence of a template. Crystallographic
analyses of template dependent DNA polymerases
showed that there are two metals in the polymerase
active site that participate in catalysis [5]. In order to
identify the position of the metals in the PAP active site,
we calculated an anomalous difference Fourier map
(Figure 2), which revealed that there are three manga-
nese ions in the PAP active site, instead of the two
metals usually seen in DNA polymerases. The metals
make key interactions that help position the nucleotide
in the active site. In our crystal structure, metal A con-
tacts N7 of the adenine base and the N6 amino group
donates a hydrogen bond to Asp 167, the third aspar-
tate of the catalytic triad (Figure 2). The adenine moi-
ety is further stabilized in the active site of PAP via hy-
drophobic interactions with two conserved valines, Val
154 and Val 156.

These hydrogen bond and van der Waals contacts
to the adenine base may provide an answer to the ques-
tion of how PAP distinguishes adenine from the other
RNA bases. The discrimination against the guanine
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Fig. 1. Ribbon diagram of the bovine PAP com-
plex with 3'-dATP. The catalytic domain is
shown in orange, the central domain in blue,
and the C-terminal RNA-binding domain in
purple. The 3-dATP molecule bound in the
active site is shown in magenta, and the three
metals ions are shown as yellow spheres.

" Fig. 2. a. PAP active site showing the major
~interacting residues. The secondary structure
= elements are color-coded as in Figure 1. Hy-
drogen bonds are shown in dashed gray lines.
b. The refined model of 3’-dATP is superim-
posed on a simulated annealing omit map
(blue) and anomalous difference Fourier map
(orange), contoured at 3.00 and 4.5¢ above
the mean, respectively.

Central domain

base is achieved through interactions to C6 and C2.
The C6 carbonyl of guanine would interact unfavorably
with Asp 167. Furthermore, Val 154 makes a van der
Waals contact to C2, which would preclude binding of
any base with a substituent at that position, therefore
providing a structural basis for discrimination against
GTP incorporation.

This study of bovine PAP complexed to 3’-dATP
provides the first structure of any component of the
mammalian polyadenylation machinery and the first ex-
ample of a template-independent polymerase. This
crystal structure will guide additional studies of PAP
complexed to poly(A) RNA and proteins of the
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polyadenylation machinery that are known to interact

with the polymerase.
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Protein Crystal Derivatization by Short Cryo-Soaking with

Halides
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The phase problem remains an unsolved puzzle in
protein crystallography. Macromolecular crystallogra-
phers have been relying on heavy atoms in protein mol-
ecules to obtain the phase information. In a few cases,
heavy atoms like Cu, Fe or Zn may be inherently present
in the protein. However, very frequently, heavy atoms
have to be incorporated into protein molecules by
chemical methods. One of the classical methods of in-
troducing heavier metals like Hg, Au, Pt, etc. is to soak
the protein crystals in these heavy metal salt solutions.
They bind covalently to certain functional groups, pro-
vided that the protein molecule offers the required
chemical environment for heavy metals. When the re-
quired chemical environment is not present, heavy
metals fail to derivatize protein molecules. Arecent and
more popular method of derivatization is to introduce
selenomethionine residues by recombinant techniques.
However, this method does not suit certain expression
systems. In addition, the number of methionine resi-
dues present in the protein molecule can be a limiting
factor.

In the present work, we demonstrate an easy and
rapid way of introducing anomalously scattering halide
ions into protein crystals, thereby providing a fast and
simple route to derivatize protein molecules. In brief,
bromide or iodide anions were introduced into the cryo-
protecting solution and protein crystals were soaked in
this cryosolution for a short duration prior to cryogenic
freezing. The halide ions rapidly diffuse into protein crys-
tals and occupy ordered sites on the surface of the pro-
tein molecules. So introduced, halide sites can be suc-
cessfully utilized for solving the phase problem. It should
be noted that one can perform MAD experiments on
bromide soaked crystals, as bromide has a K-absorp-
tion edge at 0.92A (13474 eV), which is often acces-
sible at MAD capable synchrotron beamlines. In con-
trast, absorption edges of iodide are far from acces-
sible, however, iodide soaked crystals are ideal for the
SAD or SIRAS approach of phasing, as iodide offers
~6.9 anomalous electrons at 1.54A (8050 eV).

This method of derivatization was tested on four
proteins with known structures. These four proteins are:
lysozyme (McPherson, 1982), Rnase A (Kartha et. al.
1967), subtilisin (Betzel et. al. 1988), and xylanase
(Viswamitra et. al. 1993). These were crystallized ac-
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cording to the methods described in the literature (Table
1). As is evident from Table 1, the test proteins were
crystallized from various concentrations of protein, di-
verse precipitating agents and at different pH.
Cryoprotecting solutions were prepared by including
certain amounts of glycerol in the mother liquor (ex-
cept for RNase A, which was crystallized from MPD
solution, a good cryoprotectant). A key point, which is
specific to this method, is that cryoprotecting solutions
also contained high concentrations of either NaBr or
Kl. The crystals were transferred to the cryoprotecting
solution for a short time, between 15 and 45 sec and
frozen in cryostream. A 1 M concentration of NaBr did
not affect the quality and diffracting power of the crys-
tals, but 1M Kl negatively influenced crystals in certain
cases where the Kl concentration was reduced to lower
values (Table 1). X-ray diffraction data were collected
at the National Synchrotron Light Source, Brookhaven
National Lab., beamline X9B, using either ADSC Quan-
tum4 or MAR 165mm CCD detectors. The rotation
range was selected to yield complete anomalous data,
but no inverse beam technique was used. Though crys-
tals of all four test proteins diffract to atomic resolution,
the exposure times were short and diffraction data were
recorded to a maximum resolution ranging from 1.4 to
1.7 A (Table 2). The diffraction images were processed
with HKL2000 suite (Otwinowski & Minor, 1997). The
results are summarized in Table 2.

The halide sub-structures were determined by us-
ing the direct method program SHELXS (Sheldrick,
1990) or SnB (Miller et al. 1994), utilizing only the
anomalous differences. In all cases, clearly indicated
correct solutions (within the equivalent sets of possible
origin shifts or enantiomers) were obtained. All phas-
ing calculations were performed with the program
MLPHARE (Otwinowski, 1991). For Br-MAD data of
Lysozyme, Subtilisin and Xylanase, the data collected
at inflection point wavelength were accepted as native
and two other wavelengths as derivatives. The single
wavelength anomalous dispersion (SAD) phasing was
applied to Rnase A soaked in bromide. For iodine de-
rivatives, the SIRAS approach was adopted utilizing
the available native data. The selection of peaks from
SHELXS for use for phasing in MLPHARE was some-
what arbitrary, since their heights diminish gradually
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from the maximum value without clear contrast between
correct and false sites. About eight to ten highest peaks
were accepted from the best trial and additional sites
were identified from the anomalous-difference Fourier
synthesis. The phases obtained from MLPHARE were
subjected to density modification using DM (Cowtan,
1999). The values of figure of merit and correlation
coefficient with the Fobs map for all protein residues
are given in Table 2. An example of the resulting DM-
phased electron density is shown in Figure 1. In all test
cases clearly interpretable maps were obtained which
were further improved and autotraced by using the pro-
gram wARP (Lamzin & Wilson, 1997).

Halides are not coordination specific

Inspection of the halide sites in these test struc-
tures showed some interesting results and also ex-
plained why this method works. The first and foremost
point is that halide ions, unlike classical heavy atoms,
are not specific for a particular type of chemical coordi-
nation. Since halide ions are polarizable they adopt
themselves to the chemical environment available
around the protein surface. Based on this reasoning,
one can speculate halides to derivatize virtually any
protein or biomolecule in general. Of course, locating
these halide sites and utilizing them for phasing requires
accurate and good quality data, as in the case of any
good-practiced crystallographic undertaking. Figure 2
shows a few examples of various halide-protein inter-
actions. Most of them have H-bond contacts with hy-
drogen donor groups of protein or water on one side,
and hydrophobic interactions in non-polar niches at the

protein surface on the other. Those halide ions, which
form ion pairs with positively charged arginine or lysine
side chains, have the highest occupancies. Since argin-
ines and lysines have high pK_values, they remain posi-
tively charged up to a relatively high pH, and are able
to strongly bind to halide anions in a wide pH range of
crystallization conditions.

Halides are position specific

Halides are specific for the sites they bind to in a
given protein. What this means is that if ten crystals of
a protein are soaked in halides, all crystals will have
the same halide sites. This is best demonstrated by
the structure of the human acyl protein thioesterase |,
one of the unknown structures solved by this novel
method (Devedjiew et al. 2000). Crystals of this pro-
tein contained two monomers of 28 KD each in the
asymmetric unit. It was phased using 22 bromides
employing the SAD technique. Out of these 22 bro-
mides, 18 of them adhere to the non-crystallographic
2-fold present in the dimer (Figure 3). Moreover, the
way in which they interact with the protein are compa-
rable in individual monomers. This clearly points to the
position specificity of bromides.

Bromides and lodides occupy the same sites
Bromide and iodide anions, in general, occupy the
correspondingly same ordered solvent sites around the
protein surface, within the ordered solvent shell. This
is illustrated in Figure 4a. One can see that most of the
peaks in the anomalous-difference Fourier map of bro-
mide soaked Xylanase crystals have corresponding

Table 1
Crystallization conditions for the four test proteins
Protein Rnase A Lysozyme Subtilisin Xylanase
Size (a.a) 124 129 269 301
Space group P24 P43212 P212124 P2:
Crystallization 50% MPD 1 M NaCl 12 % PEG 4K 10 % AmSOa4
conditions 100 mM NaAc 100 mM NaAc 100 mM citrate 100 mM Tris/HCI
pH 5.4 pH 4.7 1M NaCl pH7.4
10 mM CaClz
pH 6.0
Cryosolution 50 % MPD 100 mM NaAc 12 % PEG 4K 10 % AmSOa4
100 mM NaAc 30 % glycerol 10 mM citrate 100 mM Tris/HCI
1 M NaBr or 1 M NaBr or 10 mM CaClz 25 % glycerol
0.35 MKl 0.5MNaCl+0.5M 25 % glycerol 1 M NaBr or
K 1 M NaBr or 1MKI
1 MKI
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Table 2

X-ray data collection and Phasing details
Protein Rnase A Lysozyme Subtilisin Xylanase
Soak Br | Br* | Br* | Br* |
Resolution (A) 1.50 1.62 1.70 1.62 1.40 1.60 1.50 1.60
Rmerge (%) 3.5 5.9 3.8 5.0 5.1 4.4 24 44
Completeness (%) 99.9 95.1 100.0 99.5 99.9 93.6 88.5 94.4
1/o(1) 28.7 15.7 304 20.0 21.2 26.5 30.0 25.6
Anomalous Multiplicity 3.7 3.2 3.8 3.2 3.1 3.3 1.9 3.0
Phasing method MAD SIRAS SAD SIRAS | MAD SIRAS | MAD | SIRAS
No. of sites used for 7 11 9 7 8 16 14
phasing
FOM after DM 0.87 0.77 0.73 0.74 0.85 0.76 0.78 0.75
Corr. Coeff. with Fo map 0.89 0.73 0.68 0.63 0.80 0.68 0.65 0.69
No. of sites > 100 8 8 9 5 17 16 18 11
(AF™", 9c2-90°) map
* Statistics for the remote wavelength is given. Data for other wavelengths are very similar.

peaks in the lodine soaked crystals. However, iodide
seems to be more penetrating than bromine in specific
cases. Figure 4b demonstrates an interior iodide in
xylanase. In contrast, bromide soaked xylanase does
not show any peak at the corresponding position. This
is in agreement with our earlier observation that in cer-
tain cases the concentration of iodide had to be re-
duced to maintain diffraction quality if the crystals.

Halide sites are shared with waters

Halide ions partially replace certain water molecules
at the surface of the protein. No correlation could be
observed between refined B factors of water oxygen
atoms and the peak heights at the corresponding posi-
tions in the anomalous difference Fourier syntheses.
This suggested that halide ion sites are partially occu-
pied, shared between Br or | ions and water mol-
ecules. Indeed, inspection of the native and halide
soaked electron density maps show halides at water
sites in most cases (Figure 5). This was also evident
during halide substructure determination by direct meth-
ods - the peak heights in the E-maps ranged from a
maximum, decreasing gradually to lower values, in
contrast to the usual situation in small molecule crys-
tallography or SeMet data, wherein right peaks clearly
stand out from noise.

Number of halide sites depends upon protein size
and halide concentration

The number of halide sites seems to depend mainly
upon two factors, the protein size and the halide con-
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centration. In Table 2, in the case of bromide soaks,
the number of anomalous-difference Fourier peaks
greater than 10s is proportional to the protein size.
However, in the case of iodide soaks, this is not the
situation. Though Lysozyme and Rnase A are similar
sized proteins, Lysozyme has more peaks than Rnase
A and so is the case with Subtilisin and Xylanase. This

Fig. 1 Representative portion of the SIRAS experimental
electron density map after density modification by DM at 1o
level for iodide soaked xylanase.
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can be rationalized if we take in to account the soaking
concentration of Kl, which was reduced in the case of
RnaseA and Xylanase. In addition, our preliminary
analysis shows that the number of halide sites does
not depend much on the soaking time — 30 secs is as
good as 2 mins.

Application to unknown structure

To the best of our knowledge, around ten new struc-
tures have been solved using the halide soak method
so far. The GAF domain (36KD, Ho et al. 2000), Hu-
man acyl Protein Thioesterase | (56KD, Devedjiew et
al. 2000), B-defensin (13KD, Hoover et al. 2000) and
pepstatin-insensitive carboxyl proteinase (44KD, Dauter
et al. 2000) are some of the published results, and there
are a few more which are yet to be published. In some
of these cases, the current method made a big differ-
ence for the structure solution, as all efforts to derivatize
these specific proteins by other means were futile.
These results demonstrate the general feasibility of this
method to solve unknown structures.

Bromide or iodide ions, when present in the
cryoprotecting solution at high concentrations, rapidly
diffuse into protein crystals. This diffusion is so fast that
even about a 72 minute soaking will result in ordered
halide sites on the protein surface. The anomalous sig-
nal from these halide sites can be used to solve the
phase problem in protein crystallography. This method
has been tested for four different proteins and utilized
to solve several unknown protein structures.

These halide ions are not specific for any chemical
coordination. Hence, it can be argued that halides can
derivatize virtually any protein by this method.

The speed and ease of incorporating halide ions
into protein crystals by the current method makes it
particularly applicable for high throughput crystallo-
graphic projects. It can be used as an alternative way

Figure 2a

Figure 2b

Fig. 2

to the popular Se-methionine based MAD and classi-
cal heavy atom MAD/MIR approach to phase protein
structures. The generality of derivatization finds appli-
cations for stagnant MR problems wherein some
phases can be of help.
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Fig. 3 The backbone of the human acyl protein
thioesterase | along with the bromide sites used for phasing.
The bromides colored green follow the non-crystallographic
2-fold symmetry of the protein molecule and pink ones don't.
This is a consequence of position specificity of bromide sites

Figure 4a Figure 4b

Fig. 4  Anomalous difference Fourier synthesis (AF*", ¢_, -90°) for Xylanase showing bromide (red) and iodide (blue)
sites, contoured at 56. (a) Notice that most of the bromide and iodides occupy the same sites. (b) An interior iodide ion in
iodide soaked xylanase crystal. The corresponding site is not occupied in the bromide soaked crystal. The red peak on the
left-hand bottom side corresponds to sulfur from a methionine residue.

Figure 5a Figure 5a

Fig. 5 wARP refined map of (a) native xylanase (b) bromine soaked xylanase. Maps contoured at 1.2c (blue) and 5¢ (red).
The red peak in (b) is a bromine ion occupying the site of a water molecule in (a).
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Crystal Structure of Lyme Disease Antigen, OspC from HB19

Strain
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Lyme disease is a tick-borne infectious disease
caused by the spirochete Borrelia burgdorferi. The as-
sociated clinical manifestations are variable early dur-
ing infection, involving skin, joints, heart and the ner-
vous system, and may become chronic at later stages.
The causative agent Borrelia burgdorferi induces a
strong humoral response against endoflagellar protein,
p41, and a protein constituent of the protoplasmic cyl-
inder, p93, both of which are enveloped within the outer
membrane, and some outer surface lipoproteins (Osps),
which are major membrane components.

It has been shown that when a tick first becomes
infected, the Lyme spirochetes settle in its midgut and
make a surface protein called OspA. However, when
an infected tick subsequently attaches to a warm-
blooded mammal and begins feeding on blood, the
spirochete stops producing OspA and makes the OspC
surface protein instead. The switch is in part due to the
change in temperature; OspC is induced at 32°C to
37°C, but not at 24°C, and this up regulation is at the
transcriptional and translational levels. Evidence sug-
gests co-regulation of these two genes at the mRNA
level. Clearly, to survive in both hosts, spirochetes have
evolved mechanisms for sensing the different host en-
vironments and responding accordingly. Experimental
OspA and OspC vaccines have limited utility since they
are usually only effective against challenge by the same
strain and not by heterologous strains.

The ospC gene is located on a 27-kb circular plas-
mid and encodes a lipoprotein of 22 to 23 kDa. OspC
proteins are highly polymorphic and this variability ex-
tends even to a single Borrelia population. For example,
alleles of OspC collected from a single site on Shelter
Island, New York, could be clustered into 19 major
groups or types (A-S) based on sequence homology".
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Sequence variation within a major group is less than
1% but about 15% across the major groups. Variation
within a local population is comparable to the variation
of similar size samples collected from the entire spe-
cies. This variability has consequences in the develop-
ment of OspC-based seradiagnostic antigens and anti-
OspC vaccines. Of the 19 major groups, only four (A,
B, | and K) contain invasive clones and cause infec-
tions at skin and extracutaneous sites while the others
are non-human pathogens or they infect only the skinZ.
However, the biological function of OspC is not known
nor is the relationship between OspC type and patho-
genicity understood. In order to develop an effective
OspC-based vaccine, it is important to know represen-
tative three-dimensional structures of at least a few
OspCs, especially across the major groups. Here we
report the crystal structure of OspC from strain HB19
(aa 38-201) which is a member of invasive group |.

Se-met OspC crystals were grown at 293K using
the sitting drop vapor diffusion method?. Diffraction data
extending to 2.8 A were collected from a frozen crystal
using the Brandeis detector on beamline X12C at the
NSLS. Three-wavelength MAD data were collected
around the selenium absorption edge. The data were
processed using DENZO and SCALEPACK. Subse-
quently, single wavelength higher resolution data ex-
tending to 1.8 A were collected with a better quality
crystal at the X25 beamline at the NSLS. A total of
218,740 measurements to 1.8 A were reduced to
53,350 unique reflections with the R__  of 0.087 and
with a completeness of 85.3%. This high-resolution data
were used in the later stages of refinement.

There are two dimers per asymmetric unit with two
selenomethionines per monomer. The selenium posi-
tions were obtained from the Patterson and difference



Figure 1. RIBBONS representation of HB19 dimer. The close
proximity of the two inner-most helices indicates that it is a
tight dimer.

Fourier maps using the PHASES program package.
The dimers are formed via a non-crystallographic two-
fold symmetry and are related by a pseudo translation.
A total of 8 selenium atoms were input to the SHARP
program to refine the phases. The resulting phases
were further improved by NCS averaging in DM in two
steps, averaging the non-crystallographic two-fold re-
lated monomers first and then the dimers related by
pseudo translational symmetry. This resulted in a rela-
tively unambiguous electron density map for tracing the
backbone and identifying most of the residues in the
helical regions. The model building was completed us-
ing the two selenomethionines as markers.

The model was subjected to rigid-body refinement
using the program CNS with the high-resolution data
set followed by the slowcool annealing procedures. A
composite omit map clearly showed the electron den-
sity for zinc ions and including these zinc ions further
reduced the R-value. The final model contains 4 mono-
mers of 162 residues each; six zinc atoms and 632
water molecules. Two N-terminal residues were not
included in the model for all the monomers because of
poor electron density. Final R and free-R are 0.20 and
0.23, respectively, for 47,286 reflections between 50
and 1.8 A resolution.

The structure of the OspC monomer resembles a
classical up and down o-helical bundle. This is in con-
trast to the structure of OspA which has an unusual,
elongated fold composed of 21 anti-parallel B-strands
followed by a single small a—helix*. Except for helices
o4 and ab (Figure 1), all helices are anti-parallel. Two
monomers form a 10-helical bundle dimer through a
non-crystallographic two-fold axis almost parallel to
helices a1 and a1’. The dimeric interaction at the inter-

(a) Hb19

(b) 212

Figure 2. Electrostatic surface potential of various OspCs.
Electrostatic surface potential of (a) HB19 and (b) 212 as
viewed from the top of the molecule. The negative and posi-
tive potentials are shown in red and blue. The HB19 and 212
spirochetes are classified into invasive and non-invasive
groups, respectively. The electrostatic surface potential at the
top ofthe OspC dimers from spirochetes in the invasive group
is highly negative and clearly different from those of the non-
invasive group.

face is almost hydrophobic. The buried surface area
between the dimers is 4430 A2, which is about 30% of
the total surface area of the dimer (14374 A2) suggest-
ing that the dimer interaction is very strong, leading us
to believe that the biologically functional molecule is a
dimer. The dimeric interaction is mostly between heli-
ces a1 and a1', which are parallel. Additional interac-
tions occur between helices a1 and 02" and between
the loop connecting a1 and a2, and the helix a3'. The
shape of the dimer resembles elongated kidneys with
the approximate overall dimension of 62x40x27 A3,
There are three zinc ions per dimer, which take part in
packing interactions. Interestingly, three different coor-
dinations, viz., tetra, penta and hexa coordinations of
zinc are observed. The presence of zinc atoms in the
crystal is probably due to zinc sulfate, which was used
as an additive during crystallization.

Dali database search indicates that OspC may be
very similar to the periplasmic domain of the Salmo-
nella aspartate receptor (AR), which is also a dimer®.
The superposition of a monomer of AR on a monomer
of HB19 gave an rmsd of 3.0 A for 122 aligned Co.
atoms. Although the three-dimensional alignment
seems to be very good, the overall sequence homol-
ogy between OspC and the periplasmic AR domain is
low, with only 13% identity; thus the similarity between
the two proteins would have been missed based on
sequence alone.

Several studies have shown that B. burgdorferi
have a predilection for collagenous tissue and can in-
teract with fibronectin and cellular collagens. The spi-
rochetes can bind to a number of different cell types,
including fibroblasts. B. burgdorferi can bind to a novel
circulating fibroblast-like cell called the peripheral blood
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fibrocyte that expresses collagen types | and 111, as well
as fibronectin, in a process that does not require OspA
or OspB. Interestingly, the electrostatic potential at the
surface that projects away from the membrane is highly
negative (Figure 2a). This region is lined by carbonyl
oxygens, aspartate and glutamate residues. Two deep
50 A cavities were also noted in this area. If OspC is
indeed a binding protein, its binding interface may in-
volve this region. Also, if it were to bind to fibronectin or
a similar molecule, the binding surface in the ligand
would have to be positively charged.

The ultimate aim of this structure determination is
to obtain a representative structure of OspC, to use
this information to model other OspCs and to under-
stand the differences between various OspCs. There-
fore, we modeled 18 other OspCs, one representative
from each of the other 18 groups. All are predicted to
fold similarly. Multiple sequence alignment showed that
the variable regions in these sequences are mainly in
the loop regions of the molecule. Presumably, these
variable loop regions constitute major antigenic sites
that serve to differentiate amongst OspC antigens. The
information will be useful for designing chimeric OspC
molecules, which might be effective against more than
one OspC antigen.

Only limited sub-populations of B. burgdorferi are
responsible for invasive human disease and OspC type
can be used as means to distinguish invasive and non-
invasive spirochetes. Certain types of OspC never
cause human disease while some others cause local
infection at the primary site skin, but do not cause any
systematic disease. Only four types (A, B, | and K) are
responsible for systematic disease and are found in
the secondary sites and hence are termed invasive
clones. When we compared the electrostatic potential
of HB19, a type | molecule, with similar models for the
other OspCs, a striking distinction between OspCs as-
sociated with invasive and non-invasive spirochetes has
been observed. The electrostatic potential surface
viewed from the farthest point from the surface of the
membrane is shown in Figure 2. While the surface po-
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tential is highly negative for OspCs from invasive strains,
it is not so for those present on non-invasive strains. If
OspC is involved in targeting the infecting spirochetes
to specific host molecules, then this difference may
provide a potential explanation of why some types of
OspC are found associated with invasive clones.

The three-dimensional structure of Outer surface
protein C (OspC), a major antigen of the Lyme disease,
has been determined to 1.8 A resolution. The crystal
structure reveals a dimeric association of OspC with
each monomer showing a five helical bundle. This is in
contrast to the structure of OspA, a major surface anti-
gen when spirochetes are residing in the midgut of
unfed ticks, which is mostly B sheet. The surface of
OspC that would project away from the spirochete’s
membrane has a region of strong negative electrostatic
potential, which may be involved in binding to positively
charged host ligands. This feature seems to be present
only on OspCs from strains known to cause invasive
human disease.
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